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Abstract 
We present a novel UV/visible reflection-absorption spectrometer for determining the refractive 
index, n, and thicknesses, d, of ice films. Knowledge of the refractive index of these films is of particular 
relevance to the astrochemical community, where they can be used to model radiative transfer and 
spectra of various regions of space. In order to make these models more accurate, values of n need to 
be recorded under astronomically relevant conditions, that is, under ultra-high vacuum (UHV) and 
cryogenic cooling. Several design considerations were taken into account to allow UHV compatibility 
combined with ease of use. The key design feature is a stainless steel rhombus coupled to an external 
linear drive (z-shift) allowing a variable reflection geometry to be achieved, which is necessary for our 
analysis. Test data for amorphous benzene ice is presented as a proof of concept, the film thickness, 
d, was found to vary linearly with surface exposure and a value for n of 1.43 ± 0.07 was determined.  
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Introduction 
Knowledge of the refractive index of a given material is important in a range of fields and applications. 
For example, identification of volcanic glasses can be performed according to their refractive indices.1 
Additionally, material scientists can make use of differing refractive indices within a layered system to 
produce anti-reflective coatings.2,3 In the food industry, the refractive index can be used as a 
compositional analysis tool.4 Recently it has been demonstrated that a detailed knowledge of the 
refractive index of a material is important in the design of holographic devices.5 In contrast to inorganic 
materials, organic materials are relatively poorly studied.6 
Optical properties of ices are of particular interest to the astrochemical community. Dust grains in the 
interstellar medium (ISM) present a surface onto which molecules can accrete to form icy mantles.7 
Within molecular clouds or nebulae, these mantles undergo energetic processing via heating/cooling, 
ultraviolet (UV) irradiation and gas-phase bombardment.8 The interaction of icy mantles with 
impinging light affects the radiative transfer of energy within regions of the ISM, and hence a 
knowledge of the complex refractive index is essential for modelling this process.9,10 In addition, 
spectra of ices found in planetary atmospheres, including our own planet,11 can provide information 
on the conditions and species present. However, to understand such astronomical spectroscopic 
observations, knowledge of the complex refractive index is required.10 
The complex refractive index, N, or more specifically its real and imaginary parts, n and k respectively 
(where N = n + ik), is used to simulate infrared spectra of interstellar ice analogues using the 
Kramers-Kronig relation.9,10,12–15 Examples of studies of ices relevant to dense molecular clouds tested 
in this way include a recent study by Rocha et al.10 which focused on water dominated ices mixed with 
methane, carbon monoxide, carbon dioxide, methanol, methanoic acid, ammonia and/or 
cyclohexane. Additionally optical parameters of nitrile ices including HCN, C2N2 and HC3N have been 
determined, due to their relevance to the atmospheric chemistry of Titan.14  
Kramers-Kronig analysis requires both an accurate value of ice thickness and a value for the real 
refractive index (henceforth refractive index, n) in the UV/visible region. Variations in the given values 
for these parameters can give rise to conflicting results for the same ice system.13 Depending on the 
method used, uncertainties in thickness can be up to 50%.15 Often a He-Ne laser is reflected off the 
surface producing interference fringes during deposition. These fringes are used to determine 
thickness,10,11,13,14,16–20 d, using the equation below (1):  
𝑑 = 𝑚(𝜆)/(2√𝑛2 − 𝑠𝑖𝑛𝜃) (1) 
3 
 
where m() is the number of complete fringes observed and θ is the reflection angle from the surface 
normal. Previous studies of molecular ices have used assumed values for n where experimental values 
are unavailable, or used values from the liquid phase.9,10 Typical astrochemical surface science 
experiments employ high-vacuum (p ≈ 10-7 mbar)21,22 or ultra-high vacuum (UHV, p ≈ 10-10 mbar)7,23 
and cryogenic cooling of the order of 10-30 K.22–24 It is therefore questionable to assume that an ice 
will behave in the same way as in the liquid phase under ambient conditions. In other cases, when ices 
of mixed compositions were studied, a weighted average value based upon the relative contributions 
of each ice component was used for n.15 However, this does not take into account interactions within 
the ice, and therefore the actual refractive index will vary significantly from that derived in this way.16 
Another limitation of this method is that because the thickness is measured during deposition, only 
the thickness of the as-dosed ice (i.e. the unprocessed ice immediately after deposition) is obtained. 
The effect of any processing of the ice on its thickness cannot be measured. 
Previous studies have used integrated infrared band strength, A, and density, ρ, to determine ice 
thickness .25–28 This is in order to allow a measurement to be taken at any time in the experiment 
rather than only during deposition and to decouple the thickness from an assumed value of n. 
However, the band strengths used are also assumed, or taken from the literature.26 This can be a 
limitation if the exact conditions are not the same as those under consideration, for example values 
are taken from a spectrum of pure ice when mixed ices are being studied.10 Additionally, ice densities 
are either assumed to be equal to that of liquid water (1 g cm-3)9,25,26 or taken to be a weighted average 
of the individual ice constituents. However, real densities do not follow this behaviour16 and are 
dependent on the molecule and ice film growth conditions.17 
To overcome the need to assume the value of n, and to subsequently determine ice thicknesses more 
accurately, methods of measuring n directly under conditions relevant to the ISM have been 
developed. Romanescu et al.29 split the emission from a He-Ne laser into two beams, which reflect 
from their ice sample at different angles of incidence. The period of the interference patterns recorded 
as a function of deposition time was used to determine n for ammonia and hydrocarbon ices at 80 – 
100 K under high vacuum conditions. Similar double laser interference experiments have been 
reported for pure ices17 and binary mixtures16 of carbon dioxide, molecular nitrogen and methane, 
molecules highly relevant to the ISM, at temperatures as low as 14 K. A single angle He-Ne reflection 
technique has also been reported in a UHV study of ices found in the polar stratosphere of Earth, in 
which knowledge of the n value of the substrate is required.11 Ishikawa et al.30 have proposed a 
method, which uses laser interference at three separate reflection angles, to determine d where a 
value for n is unknown. However, the value for n cannot be determined using this analysis. 
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Alternatively, using a broad band Xe lamp as a light source and examining the ratio of reflected 
perpendicular and parallel polarised light at a fixed wavelength has been employed to determine d.13,18 
The studies described above use independent experimental procedures to determine n and d. Initially, 
n is calculated using a reference film and at least two reflection angles. Subsequently, d is determined 
during a second deposition using the method described above. To overcome these limitations, we 
present a new reflection-absorption UV/visible spectrometer, which allows spectra to be recorded 
over a wide range of reflection geometries. We are able to determine n and d for ice films by analysis 
of data from a single set of measurements. The analysis is based upon that of Harrick,31 originally 
developed for analysis of reflection-absorption spectra recorded by benchtop infrared spectrometers. 
The method has previously been adopted for use in UV/visible transmission experiments.32 Here, we 
use this method to analyse UV/visible reflectance data. Our apparatus uses broadband light (200 – 
800 nm) provided by an Ocean Optics DH-2000-S-DUV-TTL light source, avoiding the need for 
polarisers or laser light. 
This paper describes the design and construction of the apparatus and reports example data for 
amorphous benzene ices, along with analysis which serves as a proof of concept. Benzene has been 
selected as it is known to be present in protoplanetary nebulae CRL 61833,34 and SMP LMC 1135,36 and 
is therefore relevant to the field of astrochemistry. Additionally, its surface behaviour has been 
characterised in our laboratories37–40 due to its potential as a building block of polycyclic aromatic 
hydrocarbons (PAHs), thought to account for up to 20% of interstellar carbon.41,42 
Instrument Design and Assembly 
With the goal of measuring film thickness and UV/visible (200 - 800 nm) optical constants of ice films 
on reflective substrates (graphite or silica/silicate coated copper) in an environment recreating cold, 
dense environments in the ISM, there are a number of key principles that were considered in designing 
our instrument. As discussed above, it has been demonstrated that the fundamental requirement for 
such studies is to measure transmission and/or reflection spectra across the wavelength range and at 
variable angles from near grazing to near normal. In addition, our environmental conditions require 
that the instrument is capable of operating in UHV and, hence it is constructed from UHV-compatible 
materials. With the addition of a requirement for good spectral resolution across the entire range 
(approximately 5 nm in our case) and for ease of operation, the additional constraints of using a fibre 
optic coupled light source and spectrograph were imposed. 
The requirement for operation of our instrument under UHV raised a crucial question. How do we 
obtain variable angle operation in the simplest possible manner? The realisation that compressing or 
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extending a square along one of its diagonals (rhombic distortion) provides a means of coupling a 
linear motion to an angular change over the range of interest was fundamental to addressing this 
question. The core design element, sketched in Figure 1A and photographed in Figures 1B and 1C, 
leads to a simple mathematical analysis which gives the angle of incidence and reflection of the optical 
beam, , as: 
𝛼 = 90 −
180
𝜋
cos−1 (
(ℎ√2±𝛥𝑥)
2ℎ
)  (2) 
 
where h is the length of the square edge and Δx is the linear shift (positive or negative) from the zero 
position (as shown in Figure 1A). 
The instrument was constructed in the workshops of the School of Engineering and Physical Sciences 
of Heriot-Watt University from stainless steel. PTFE bushes were used to provide lubrication in 
vacuum. Fibre optic components were supplied by Ocean Optics (fibre optic assemblies for UHV and 
air side, collimating lenses, UHV feedthroughs and connectors) and Fiberdesign (right-angled fibre 
mounts). The assembly and fibre optics were mounted on a Vacgen linear drive with an attached 
millimetre scale (henceforth z-shift) onto which a CF70-CF250 zero-length adaptor was fitted. Figures 
1B and 1C show the assembly in bench tests prior to integration into the UHV system at the University 
of Sussex (see experimental section). The assembly was connected to a fibre-coupled light source 
(Ocean Optics DH-2000-S-DUV-TTL) and spectrometer (Ocean Optics QE Pro) for further testing, as 
outlined below. At this stage, the voracity of equation (2) was tested by measuring  as a function of 
Δx, the change in position of the linear motion drive from its rest position. The zero position, where 
Δx = 0, is defined as the position where α = 45° and is found at a z-shift reading of 120 mm for our 
assembly. Table 1 lists the angles as determined by equation (2) and Figure 2 shows a plot of the 
measured angle with the position shown on the z-shift scale. Clearly, our experimental data are 
consistent with the model based on the chosen design edge length of h = 30 mm. Given the real 
material dimensions from which the square is constructed, a small deviation from the calculated angle 
is to be expected. 
Experimental 
The instrument was attached to a stainless steel UHV chamber at the University of Sussex which has 
been described in detail elsewhere.43 Base pressures of ≤ 2 × 10-10 mbar are routinely achieved. The 
surface used in the experiments described is highly oriented pyrolytic graphite (HOPG). This surface is 
chosen as an analogue of an interstellar dust grain, which are thought to be carbonaceous and 
silicaceous in nature.44 The surface is mounted on a copper cold finger connected to a closed cycle 
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helium refrigerator, giving a base temperature of approximately 25 K as measured by an N-type 
thermocouple spot welded to the sample mount. Sample cleanness was maintained by heating the 
sample to 250 K and holding it there for one minute. Cleanness was confirmed by the absence of any 
desorption during a simple heating ramp. 
Benzene (Sigma-Aldrich, ≥ 99.9%) was purified by repeated freeze-pump-thaw cycles and introduced 
into the chamber via a high precision leak valve. In order to obtain interference fringes (the basis of 
our data analysis) the ice thickness is required to be of the order of the wavelength of the impinging 
light. This is achieved by angling the surface towards the leak valve outlet. Exposures are reported in 
Langmuir, Lm, where 1 Lm = 10-6 mbar s. In all cases, benzene was dosed at base temperature to give 
an amorphous solid film. The procedure to obtain UV/visible spectra is outlined below. All UV/visible 
spectra presented are the average of 128 scans with an integration time of 500 ms per scan. These 
parameters were chosen by trial and error tests to obtain the highest signal without saturating the 
spectrometer. 
To collect a set of reflection-absorption spectra, background spectra of the clean HOPG surface at 
each reflection angle were recorded. The sample was then dosed and a sample spectrum at each angle 
was recorded after dosing. For each angle, the sample spectrum is subtracted from the background 
and subsequently a ratio of the subtracted to the background is taken. This allows the spectra to be 
plotted as ΔR/R as a function of wavelength, as shown in equation (3), where R0 and R1 represent a 
background and sample spectrum respectively. 
Δ𝑅
𝑅
=
𝑅1−𝑅0
𝑅0
 (3) 
Plotting the spectra in this way corrects for the fact that the output of the light source, and hence 
reflectance, is not constant over the spectral range examined. An example of the raw background and 
sample spectra for an exposure of 400 Lm of benzene are shown in Figure 3. It is clear that at the 
shorter wavelengths, the reflectance intensity is much lower than at longer wavelengths. Some 
features due to hydrogen emission are also present in the raw data, arising from the light source 
output.45 At least one repeat was performed at each dose to ensure reproducibility. 
Results and Preliminary Data Analysis 
Figure 4 shows the reflectance spectra of 400 Lm of benzene at two reflection angles, 31° and 46°. 
Between 210 nm and 270 nm, sharp absorption features are visible. These are assigned to the benzene 
1B1u  1A1g transition at 214 nm and the 1B1u  1A1g transition centred at 255 nm.20 At wavelengths 
longer than approximately 270 nm the absorption cross-section of benzene is negligible46 and 
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interference fringes are observed. The fringes shift with changing reflection angle, whilst the 
absorption features remain constant. The peak at 656 nm on the 46° spectrum is an artefact arising 
from the ratioing process of the raw data containing features from the light source output,45 as seen 
in Figure 3. 
By examining the spacing between the maxima or minima of these fringes, the refractive index, n, and 
thickness, d, can be determined using the method of Harrick.31 In order to determine n and 
subsequently d, the following equations are used: 
𝑛 = [√{
sin2 𝜃1∆?̅?1
2 − sin2 𝜃2∆?̅?2
2
∆?̅?1
2−∆?̅?2
2 }
2
]
1/2
 (4) 
In equation (4), two reflection spectra at different reflection angles are compared. θ1 and θ2 refer to 
these angles in degrees. Δν̅1  and Δν̅2 are the spacings (in wavenumbers) between a single fringe’s 
minima or maxima, as illustrated in Figure 4, where the 46° and 31° spectra are taken as spectrum 1 
and spectrum 2 respectively. In the full analysis, spectra obtained for each reflection angle are 
compared to all the other angles. 
Once n has been determined using equation (4), equation (5) is used to find d from each individual 
reflectance spectrum. Here m is the number of complete fringes in the spectrum, n is the refractive 
index as determined from equation (4), θ is the reflection angle in degrees, and Δν̅ is the spacing in 
wavenumber between the first and last maximum/minimum. For example in Figure 4, if we take the 
minima at 284 nm and 639 nm of the 46° spectrum, m = 2 and Δν̅ = 19539.1 cm-1. Δν̅ is shown on the 
figure. In equation (4), Δν̅1 = 9769.55 cm-1 (i.e. 19539.1/2) for the 46° spectrum as above. 
𝑑 =  
𝑚
2(𝑛2−sin2 𝜃)1/2Δ?̅?
 (5) 
The above analysis gives values for n shown in Figure 5. These are consistent within error (given as 
twice the standard error of the mean) and give a mean value of n = 1.43 ± 0.07 for amorphous solid 
benzene at 25 K. In order to confirm the consistency of the fringe spacing, a dose of 1000 Lm was 
examined to produce as many interference fringes as possible, hence the gap in the data along the x-
axis. The calculated value of n is in good agreement with recent work which, using a He-Ne laser as 
described above, determined values for solid benzene ranging from 1.38 – 1.47 (± 0.06).20 This 
confirms the validity of using Harrick’s method31 to analyse our data in the UV/visible region. The 
determined value of n is lower than that of the liquid at 293 K, given as 1.501.47 This result indeed 
suggests that assuming an n value to be equal to that of the liquid phase is not appropriate for 
application to astrochemistry. 
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Using this mean value, thicknesses as both a function of dose at a fixed angle and as a function of 
angle at a fixed dose can be determined using equation (5). Error values are calculated using the upper 
and lower values of n. Figure 6 shows the determined thicknesses of doses from 100 Lm – 1000 Lm at 
the narrowest reflection angle of 31°. An expected linear relationship is observed as the surface 
concentration is known to be proportional to the dose.39 Similarly, at a fixed dose with varying angle, 
the determined thickness should be equal within error. Indeed this is shown to be the case in Figure 
7 for a dose of 250 Lm of benzene on HOPG.  
Conclusions and Future Work 
The data presented herein are a proof of concept of a novel UV/visible reflection-absorption 
spectrometer. By employing the method outlined by Harrick,31 values for n and d for amorphous 
benzene ices grown on HOPG at 25 K have been determined. The mean value for n of 1.43 ± 0.07 is in 
good agreement with the literature20 and is constant within error at the doses examined. Thickness 
values are of the order of several 100 nm, as expected by the appearance of interference fringes. A 
linear increase of thickness with dose is observed, in line with expectations. Additionally, little 
variation of thickness at a constant dose as a function of angle is found to occur. 
The novel apparatus overcomes several issues identified in the introduction. In our experiment, n and 
d are measured directly, eliminating the need to use an assumed value of n. Additionally, a single set 
of measurements can be used to obtain both n and d, reducing experimental time. And finally, 
because our interference spectra are recorded after dosing, rather than during dosing, the effect of 
processing (such as annealing) on the ice in terms of n and d can be measured. 
In upcoming work, the spectrometer will be used to examine other molecules and systems relevant 
to astrophysical environments. These include layered and mixed ices of benzene and water. The next 
stage of analysis of the data collected by the spectrometer is to determine the imaginary part, k, of 
the complex refractive index, N, and hence N itself. The determined parameters can then be 
incorporated into astronomical models. 
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Tables and Figures 
Table 1: Change in the angle of incidence and reflection,, with compression (+) or extension (-) of 
the external linear drive on the spectrometer, according to equation (2). 
x / mm  / ° 
+15 30 
+10 35 
+5 40 
0 45 
-5 50 
-10 56 
-15 70 
-20 75 
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Figure 1. Sketch and photographs of the apparatus. A: sketch of the design of the rhombic 
construction used in the UV/visible apparatus. The symbols relate to those in equation (2). B and C:  
photographs of the completed UHV assembly showing the variable rhombic system that provides the 
angular variation through a linear adjustment external to the UHV system. 
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Figure 2. Measured reflection angle from the surface normal as a function of z-shift position with 
corresponding Δx values. The zero position at Δx = 0 as given by equation (2) is at a z-shift reading of 
120 mm. 
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Figure 3. Unprocessed UV/visible reflection spectra recorded at a reflection angle of 39°. Blue: 
Background spectrum of the clean HOPG surface. Red: After direct dosing of 400 Lm of benzene. The 
features at 486 nm, 581 nm and 656 nm are hydrogen emission lines from the light source output.45 
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Figure 4. Reflectance spectra of 400 Lm of amorphous benzene on HOPG at two reflection angles of 
31° (red trace) and 46° (black trace). The symbols refer to the terms in equations (4) and (5). 
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Figure 5. Refractive index n as a function of dose at 25 K for amorphous benzene on HOPG as 
determined by equation (4). 
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Figure 6. Amorphous benzene ice thickness as a function of dose at 25 K as determined by 
equation (5), at a fixed reflection angle of 31°. 
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Figure 7. Amorphous benzene ice thickness as determined from equation (5) as a function of 
reflection angle for a fixed dose of 250 Lm. The mean thickness is 261 ± 5 nm. 
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